We have investigated the effect on precipitate microstructure and hardness upon adding small amounts of Ca to a base Al-Mg-Si alloy. The main investigative techniques were transmission and scanning electron microscopy.
portant reason for using recycled aluminium is the reduced production energy. In total, producing recycled aluminium has an energy cost of only a few percent of that of producing it from bauxite [1] . The main disadvantage of recycled material is the accidental introduction of trace elements, which can be both detrimental and beneficial for the properties of alloys.
The subject of this study is the age-hardenable 6xxx aluminium alloy series, where the main alloying elements are magnesium and silicon. 6xxx alloys constitute the largest share of produced aluminium alloys, and are heavily used for both architectural and automotive purposes [1] . Upon appropriate heat treatment, Mg and Si atoms cluster to form nano-sized metastable precipitates. These prevent the motion of dislocations when the material is under stress, and thus increase the strength of the material. The precipitates form in a sequence, starting with phases which are coherent with the Al matrix and ending in large, incoherent phases with the lowest bulk formation enthalpy. The precipitation sequence for the Al-Mg-Si system is [2, 3, 4] : SSSS → Clusters → GP-zones → β ′′ → β ′ ,U1,U2,B ′ → β,Si.
The metastable and fully coherent β ′′ is the main hardening phase. Like all the metastable phases, it is needle-shaped and has its main growth direction along 001 Al .
Calcium is a common impurity element in aluminium as it can be introduced at many steps during the production [5] . In Al-Mg-Si alloys, it is known to be detrimental to their mechanical strength [1, 5] , making control of the Ca content important both during primary production and recycling of alloys. A decrease in strength with Ca content signifies a change in precipitate microstructure, which is worth investigating due to the industrial relevance of Ca additions. Calcium is located underneath magnesium in the alkaline earth metal group in the periodic table of elements, which gives reason to believe that Ca atoms can replace Mg atoms in precipitate structures characteristic of the Al-Mg-Si system. By analogy, the replacement of Si by
Ge was previously investigated. Al-Mg-Ge alloys contain precipitate types related to those in Al-Mg-Si, and small additions of Ge to Al-Mg-Si alloys has been found to promote nucleation [6] .
In this paper we present a study of the microstructure in Al-Mg-Si alloys with different Ca content, from trace amounts to typical alloying amounts, and explain why Ca additions reduce the mechanical strength of this class of alloys. The main characterization technique was electron microscopy in its transmission and scanning variants (TEM and SEM). Details regarding the experimental procedures are given in the next section. Results of hardness measurements, microscopy and spectroscopy are found in Sec. 3 and discussed in Sec. 4, while Sec. 5 serves as a conclusion.
Experimental
The alloys chosen for this study is a subset of alloy compositions created for the investigation of trace element influences on precipitation. Having a total solute concentration of ≈ 1 at.%, the base alloy is low-solute (lean)
by industrial standards for 6xxx alloys. Its commercial counterpart is 6060, which has comparable Mg and Si content. The exact compositions of the three Ca-containing alloys were measured by inductively coupled plasma optical emission spectroscopy (ICP-OES), and are given in Table 1 .
The material was extruded as cylindrical rods of cross-sectional diameter A post-column Gatan parallel electron energy loss spectroscopy (EELS) system was used to estimate the thickness of the specimen at the points where images were taken. The specimens were imaged in the 001 Al direction to enable measurement of precipitate length and cross-sectional area. The counting and measuring was conducted using an in-house algorithm. See [7] for details regarding the quantification procedure. Elemental analysis was conducted using an Oxford INCA energy-dispersive X-ray spectroscope (EDS) on a Jeol JEM-2010F field emission gun microscope operated at 200 kV.
Alloy Mg
The hardness measurement samples were also prepared for SEM imaging. They were polished to a roughness of 1 µm and further electropolished using a Struers Polectrol with the "A2" electrolyte (70 % ethanol, 10 % 2-butoxyethanol, 8 % perchloric acid, 12 % distilled water). The voltage was set to 30 V and the polishing time to merely 1 second to prevent too much preferential etching of the Al matrix. A Jeol JSM-840 with a tungsten filament was used for imaging. In a SEM, the intensity of backscattered electrons is dependent on the average atomic number per volume (Z-contrast). We therefore used a backscattered electron detector to detect Ca-containing particles and separate them from Fe-containing particles. In addition, EDS analysis was conducted using a Hitachi TM3000 tabletop SEM. X-ray diffraction (XRD) was done on SEM samples using a Siemens D5005 instrument.
Results

Hardness evolution and microstructure
The hardness evolution during artificial aging of the three alloys ( Fig. 1) gives a rough overview of the precipitation kinetics. The overall shapes of the curves are conserved when Ca is added, but even small amounts (0.0060% = 60 ppm) of Ca cause a measurable decrease in peak hardness. It is interesting to note that Ca also decreases the hardness in samples which have only been stored for 4 hours at RT (no aging).
We selected the samples aged for 12 hours for TEM analysis as these are roughly peak aged. Figure 2 shows an overview of the precipitate microstructure in this condition for each of the alloys. We take note of the following:
• The base alloy (LCa1) contains a homogenous microstructure of mostly β ′′ precipitates.
• The microstructure in LCa3 is dominated by β ′ and B ′ precipitates, which is characteristic of overaged materials. When compared to LCa1, there are fewer precipitates, which on average are longer and have larger cross-sections. Some inhomogeneity exists: certain areas have higher precipitate number densities and a larger fraction of small β ′′ precipitates (see Fig. 3 (a) for an example). • LCa2 and LCa3 contain elongated, µm-sized particles (referred to in the further as Ca-containing particles). These always appear thick although in a thin area of the TEM samples, and were thus less etched by the electropolishing than the Al matrix. An example particle is shown in Fig. 3(b) .
• The reduced number density of precipitates in LCa2, which has only 60 ppm of Ca, can already be visually distinguished from that of LCa1 in Fig. 2 .
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The Ca-containing particles are too large and form with a too low number density to be suitable for TEM investigations, apart from EDS analysis.
SEM imaging and composition determination of the particles is presented in Section 3.2.
Based on bright-field TEM images as those in Fig. 2 , the average precipitate morphology and number density were measured for the three alloys, and are shown in Table 2 . As observed in Fig. 2 , the addition of 0.07 at.% Ca has drastic effects, reducing the number density of precipitates by a factor of 8 and increasing their average volume by a factor of 6, resulting also in a smaller volume fraction.
Ca-containing particles
The large, elongated particles found in the LCa3-12 h condition by TEM were probed with EDS, and were found to contain Ca. Rounded ironcontaining dispersoids of similar sizes were also found in all three alloys. EDS measurements of five particles gave the following quantified atomic fractions:
(41.63 ± 0.19) % Al, (39.80 ± 0.48) % Si and (18.57 ± 0.31) % Ca. An estimated thickness of 100 nm and the same density as pure Al were used in the quantification.
Attempts to unambiguously identify the phase of the particles have failed for the following reasons: Not being etched by the electrolyte, the particles were too thick for electron diffraction studies. An attempt was made to prepare a TEM sample using cold stage ion milling, but this removed or destroyed the Ca-containing particles while leaving Fe-containing phases intact. A SEM sample with the extrusion direction perpendicular to the surface normal was also made. As shown in Fig. 5 , the Ca-containing particles were found to be inhomogeneously distributed and oriented along the extrusion direction.
Presence of Ca elsewhere
In addition to using EDS measurements in a TEM to probe the large particles in the LCa3-12 h sample, we also checked its hardening precipitates for traces of Ca. Three β ′′ and one B ′ were analyzed and did not contain measurable levels. See Fig. 6 for examples of EDS spectra from the precipitates, compared to a spectrum from a Ca-containing particle such as the one de- The Ca-containing particles are inhomogenously distributed in the Al matrix and were deformed during the extrusion of the material.
picted in Fig. 3(b) . We also conducted an analytical scanning TEM (STEM) measurement with an EDS acquisition time of about 4 hours. (c) A Ca-containing particle. 
Discussion
ative influence on the hardness. Previous investigations [5] show no effect ing that concentrations below these values have little influence in practical applications. It is clear from the precipitate quantification found in Table 2 that the hardness decrease with Ca additions is caused by a coarsening of the precipitate microstructure along with a change in precipitate types and a slight volume fraction decrease. The microstructure observed in LCa3-12 h contains more precipitates that are associated with overaging than that of LCa1-12 h, judging from the precipitation sequence in Eq.
(1). The low hardness of LCa3 is produced by a mixture of β ′′ precipitates (also found in LCa1 and LCa2) with β ′ and B ′ precipitates. Previous studies [8, 9] have shown that coarsening and apparent over-aging can be a consequence of a reduced solute content and/or an increased Mg/Si ratio in the alloy.
The Si content available in the solid solution must be reduced through the formation of Ca-containing particles. EDS measurements on the particles gave the approximate ratios Ca:Al:Si = 1:2:2. This fits with the stable phase CaAl 2 Si 2 , which has a hexagonal structure with lattice parameters a = 0.413 nm, c = 0.7145 nm, and space group P3m1 [10, 11] . As pointed out in [12] , the phase is isostructural to the overaged U1-MgAl Fig. 4 ) also require some Si to form, lowering the effective Si content even further. By comparison, the Mg/Si ratio has been measured to 1.1 in β ′′ [14] (atom-probe tomography) and to 1.68 [15] , 1.39 [16] and 1.69 [17] in β ′ (all with EDS). With an increasing solid solution Mg/Si ratio as a function of Ca content, we can explain why the precipitate types change as Ca is added. The explanation also makes the reason for the inhomogeneity in the microstructure of LCa3 apparent. Far from a Ca-containing particle, more Si is available in solid solution, and an island of fine microstructure can appear during aging. The amount of Si in the bulk could not be directly measured using EDS due to local accumulations (possibly of silicon oxide on the TEM specimen surface).
Conclusions
We have measured the hardness evolution during artificial aging of a 
